Several studies have attempted to understand what may influence the bacterial community of a host, but studies examining whether different bacterial species are found in different parts of the body of insects are limited. In the present study, we address the following questions: 1) How are bacterial communities distributed across different parts of the body (head, mesosoma, gaster) of Camponotus and 2) Is the diversity found explained by the environment in which these ants were collected? Our results were able to differentiate the bacterial communities present in the different parts of the body and can be explained in the following way: each part of the body has unique organs with different functions; and the complex proventriculum of Camponotus may be acting as a filter and structuring the bacterial community found in the gaster. In addition, an unexpected finding of the present study was the high diversity found associated with the head and mesosoma, and our findings were able to confirm that this diversity is associated with the environment where the ants were collected. Knowing more about the factors that can influence bacterial communities may reveal more about the importance of these associations in nature.
nutrition, defense, or even environmental tolerance [1]- [6] . Little is known about the factors that may affect or drive bacterial community membership [7] [8] [9] , although several studies have attempted to tease this apart including its relation to the geography and phylogeny of the host [7] [9] [10] [11] . In addition, few studies have investigated the bacterial community within a colony comparing different stages of development (ontogeny) [11] [12] [13] and examined whether different bacterial species are found in different parts of the body of insects [14] [15] .
There are several ways of acquiring microbes, and clearly the path of acquisition is a determining factor in the structure and composition of the bacterial community, and consequently, can influence host biology. These include: 1) environmental acquisition, 2) social transmission, or 3) specialized maternal transmission [16] . Acquiring microbes from the environment, also called horizontal transfer or secondary interaction, is usually facultative. These bacteria have part or all of their life cycle outside the host and can be transient in the host compared to those vertically transmitted by the mother [17] . Socially transmitted microbiota may represent the transition between free living and inherited bacteria, a factor that may be common among social insects such as ants. Specialized associations often characterize this third primary interaction where the phylogenetic trees of the symbionts are often congruent with their hosts across long periods in evolutionary time. This suggests high levels of host fidelity. Lastly for microbes that have specialized maternal transmission, the symbiont may become localized in a specialized organ inside the host [18] [19] .
With a worldwide distribution, and commonly known as carpenter ants, Camponotus Mayr, 1861 is a well known genus for having symbiotic bacteria localized in specialized organs as bacteriocytes, found between the epithelial cells of the midgut and also in the ovary of the queens, which guarantees maternal (vertical) transmission of the endosymbiont [20] [21] [22] [23] . It is considered a hyper-diverse genus and has generalized feeding and nesting habits. Their diet is derived from the exudate of plants and phytophagous insects and can include scavenged prey [24] [25] [26] . Another striking feature is the absence of the metapleural gland in the vast majority of species of Camponotus. Antimicrobials, chemical defense, odor recognition and territorial marking are some of the possible functions of this gland [27] .
The present study intends to characterize the microbiota of different Camponotus species and to answer the following questions: 1) How are bacterial communities distributed across different parts of the body (head, mesosoma and gaster)? 2) Is the diversity found explained by the environment in which these ants were collected, suggesting these microbes are being picked up in the environment? Addressing these questions will advance our knowledge of the natural variation of insect-associated microbiota and may reveal important aspects of host biology that contribute to these associations.
Results

1) Bacterial communities distributed across different parts of the body
A total of 163 samples were successfully sequenced (54 heads, 56 mesosoma and 53 gasters) resulting in 107,112 reads and 2686 OTUs. From the heads we obtained 28,871 reads and 1881 OTUs. In the mesosoma we obtained 26, 283 reads and 1616 OTUs. The gaster as expected was the most abundant in quantity with 51,958 reads and 381 OTUs. A summary of relative abundance of OTUs recovered across samples can be found in Figure 1 .
Across the different sampled body parts, there was a clear differentiation of the bacterial communities with the gaster, despite having the largest abundance of reads has fewer OTUs in comparison to the head and mesosoma samples. For this study, we expected that the head and mesosoma had a greater diversity than the gaster, based on the findings of Lanan et al. [14] , analyzing Cephalotes. But what we did not expect is that this diversity was four times higher in the head and mesosoma. As expected for the gaster most of the bacteria were from Blochmannia, followed by Wolbachia [16] , being 84.10% from Blochmannia, and 7.10% from Wolbachia of the relative abundance. In the gaster we also found Enterobacteriaceae (2%), Sodalis (1.7%), Lactobacillus (1.0%). For the head we obtained Wolbachia (25%), Candidatus Blochmannia (5.4%), Sodalis (5.1%), Lactobacillus (4.5%), Enterobacteriaceae (4%), Acinetobacter (2.5%), Nocardia (1.9%), Acetobacteraceae (1.8%), followed by others in smaller abundance. For the mesosoma we obtained Wolbachia (32%), Candidatus Blochmannia (6.7%), Sodalis (4.3%), Enterobacteriaceae (3.9%), Streptococcus (3.4%), Corynebacterium (1.9%), Acetobacteraceae (1.8%), Nocardia (1.5%), Acinetobacter (1.5%), followed by others in smaller abundance. Taxa that accounted less than 0.8% in a sample are summarized in a category termed "Other." (Figure 1 ).
The diversity found in the gaster of Camponotus is not high compare to Cephalotes [14] [15] and rarefaction curves confirm that our sequencing was sufficient to recover most of the diversity of the bacterial community associated with this genus. However, despite sequencing thousands of reads, the rarefaction curves (measure observed OTUs and Shannon) of several samples did not reach a plateau (Additional File 3), while this is not likely problematic for the gaster-associated communities, the head and mesosoma appeared much more variable and this could be due to undersampling. The PCoA was calculated with the weighted distance values of the beta diversity and suggest heads and mesosoma samples almost completely overlap and there is separation from the gaster samples ( Figure 2(A) ). This can also be observed by the NMDS analysis ( Figure   2 In each part of the body the most common bacteria are responsible for structuring bacterial communities; this was reinforced by the SIMPER (Additional File 5) analysis. This analysis found that the bacterial communities from the head and the mesosoma are more similar to each other (89.39%), compared to the gaster. For the head and mesosoma Wolbachia (multiple OTUs) and Sodalis represent 42% of the bacterial community, with Blochmannia accounting for less representation in these sampled body regions. For the gaster, several Blochmannia OTUs are present representing more than 40% of the reads (multiple OTUs).
In the heatmap analysis the bacteria responsible for structuring bacterial communities present in each part of the body was investigated ( Figure 3 ). In each part of the body, we grouped the samples according to the quantity and type of associated bacteria. Through this analysis it is possible to visualize the presence of individuals with multiple OTUs of Wolbachia and Blochmannia in each part of the ant's body. To test what might be contributing to the high diversity found in the head and mesosoma (together, since according to SIMPER analysis these regions are
highly similar), we tested whether these bacteria were being acquired from the local environment in which the ant was collected potentially through horizontal transfer by feeding. Our data confirmed this hypothesis, but only when we did not consider abundance (unweight) (Adonis, unweight R 2 = 0.24019 and P = 0.006; RDA, unweight Pseudo F = 1.314 and P = 0.003). As the main bacteria of the mesosoma and head are Wolbachia and less-abundant other bacterial taxa, tests that take into account abundance may not be appropriate, as is the case of weight measurements. Therefore, unweight measures seem to be appropriate to test for significant differences across the different localities. Outside of Wolbachia it is likely that the diversity of the head and the mesosoma comes partly from the acquisition of these potentially transient bacteria from the host's diet and environment.
Discussion
We found that the gasters of ants in the genus Camponotus have very dense bacterial communities, but these were simple communities dominated by Blochmannia and Wolbachia. We did find much higher diversity in the head and mesosoma, but in lower abundance. When we examined the similarity of communities based on host collection location we found that locality did explain similarity of samples suggesting that many of the bacteria, especially for the head and thorax, are likely acquired in the environment or through the food they ingest.
In other words, the main route of transmission of bacterial communities from head and mesosoma may be environmental acquisition and social transmission.
However we cannot rule out that some of these bacteria still play important functional roles for the host.
In two previous studies Kautz et al. [15] and Lanan et al. [14] examined different parts of the digestive tract of two different species of an herbivorous ant, Cephalotes, and found different bacterial communities across digestive compartments. In addition, Lanan et al. [14] identified a possible anatomical filtercalled the proventriculus that hinders the passage of bacteria transferred horizontally, and guarantees the specificity of the vertically transferred bacterial community.
In general, the present study was able to differentiate the bacterial communities present in the different parts of the body of the ant. This is likely explained because each part of the body has different organs with unique functions. Additionally, anatomical filters have been observed for Cephalotes [14] and could also be a factor structuring bacterial communities in other ant species and the proventriculus found in Camponotus (see Additional File 6) has four hair-lined, sclerotized channels [28] , which may also play a role in filtering. The gaster is the part of the body that contains the largest number of bacteria, although with As expected, the main bacteria found in this study were Blochmannia and Wolbachia [11] [16] (with multiples OTUs), and these are acquired via specialized maternal transmission [29] . Besides the bacteria already well-known as associates of Camponotus, our study also recovered Enterobacteriaceae, Sodalis and Lactobacillus in large abundance.
Enterobacteriaceae is the bacterial family that Blochmannia belongs to and has been found in high abundance in recent studies of the bacteria associated with Camponotus, Colobopsis and Polyrhachis [8] [11] . As this bacterium can have a high mutational rate [30] this could explain our inability to assign most "Enterobacteriaceae" to lower taxonomic categories. Therefore, it possible that these Enterobacteriaceae may actually be OTUs of Blochmannia [11] .
Although not documented in high abundance before in Camponotus, we commonly recovered Sodalis, which may act as facultative or obligate endosymbiont in other organisms [31] [32] . It has been found in several insect hosts including tsetse flies [33] , aphids [34] and beetles [35] , but the role of this bacterium in these associations is not yet clear.
Another bacterium that has recently become commonly identified as one of the major bacteria found in ant microbiomes, and also was also evident in our samples is Lactobacillus. This bacteria has been identified in Cephalotes turtle ants [9] [14] [36] , leaf-cutting ants [37] [38] , and also in other Camponotini ants such as Polyrhachis [8] . Its function in these groups is still being discussed, but it is believed that this bacterium could bring benefits to nutrition, or confer defenses against other microorganisms, altering PH with the production of lactic acid [14] [38] .
Although, we acknowledge that the head and mesosoma communities are possibly undersampled after filtering to a depth of 400 reads (leaving only 30 heads and 19 mesosoma) and this may have affected our results. The microbial diversity found in the head and mesosoma of ants may be explained by the horizontal acquisition of microbes with ingested food [39] or the local environment and our results showed a relationship of the bacterial community to the environment where the ants were collected. These microbes are being picked up in the environment or their local diet, and therefore are less stable, relative to the host.
Conclusion
Our results showed that bacterial communities are distinct in the different parts of the ant's body and the reason for this could be each part of the body has unique organs with different functions. In addition, the structure of the bacterial community found in the gaster may be explained by the complex proventriculum of Camponotus acting as a filter as seen in other ants. Regarding the high diversity found associated with the head and mesosoma, our findings confirm that this diversity is associated with the environment where the ants were col- 
Methods
4) Bioinformatic Analysis
The sequences were analyzed in QIIME 1.9.1 [52] . The forward and reverse sequences were merged through SeqPrep, which showed better results for the present study. Demultiplexing was completed with the split_libraries_fastq.py command. QIIME defaults were used for quality filtering of raw Illumina data. For defining OTUs, we chose the pick_open_reference_otus.py command, which has an additional de novo OTU picking approach, against the SILVA 128 reference database at 97% identity [53] [54] and UCLUST to create the OTU table. Chimera checking was performed in QIIME and PyNAST (v1.2.2) was used for sequence alignment [55] . The summarize_taxa_through_plots.py command was used to create a folder containing taxonomy summary files. The relative abundance of the bacterial community was calculated for each part of the ant body.
At a sequencing depth of 400, 99 samples passed this cutoff (some samples did not have high quality DNA to succeed in sequencing) and were included in downstream analyses, including 30 from the head, 19 from the mesosoma and 50 from the gaster (Additional File 7). Alpha diversity was quantified using observed species richness, Shannon diversity to create the rarefaction curve, following the commands available in QIIME. A matrix of community pairwise distances were used to cluster samples by principal coordinates analysis (PCoA). We used Analysis of Similarity (ANOSIM) to test whether two or more predefined groups of samples are significantly different, and Adonis [56] to determine sample grouping all calculated by compare_categories.py command in QIIME. The input for these analyzes were Unweighted UniFrac distance matrices [57] , which uses phylogenetic information to calculate community similarity, were produced through the QIIME pipeline. These beta diversity metrics were used to compare community level differences sample type (head, mesosoma and gaster) to address question 1, that bacterial communities are different across parts of the ant's body (head, mesosoma and gaster).
To illustrate the relationship between ecological communities [58] [59], we implemented the analysis of multidimensional nonmetric scaling (NMDS) and related statistics in the PAST3 software package [60] . Sorensen (Dice coefficient) and Bray-Curtis similarity indices [58] were used to test the composition and the structure of the bacterial community, respectively. The samples were grouped according to the sample type and host localities, and after viewing the plots, analyzes of similarity (ANOSIM) with Bonferroni correction was used to determine statistical significance [58] [59] . The SIMPER analysis was conducted to verify the contribution of each OTU responsible for the structure found in different body parts [59] .
A heatmap was constructed with only the OTUs that are responsible for structuring (Bray Curtis) of the bacterial communities in the different parts of the ant body that were evidenced in the analysis of SIMPER, using heatmap.2 and the vegan package [61] in R [62] . The dendrogram of the samples shown in the heatmap was created with Bray-Curtis dissimilarity hierarchical clustering of bacterial communities in hclust.
Beta diversity metrics (Unweighted UniFrac distance matrices) [57] and Adonis [56] were used to compare community level differences between host localities (city)-with the bacterial communities of the head and the mesosoma combined to address question 2 of this manuscript, that if the diversity found is explained by the environment in which these ants were collected. 
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